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ABSTRACT 



The short time creep properties of aluminum alloy (2024--T3) 
were compared after three types of heat treatment at a creep test- 
ing temperature of 600°F. The loads range from 5,000 psi to 
30,000 psi with time to fracture varying from 30 seconds to 20 
hours. The prior history of the test specimen because of the tem- 
perature and time of aging greatly affects the strength, total 
elongation, and deformation rate. 

This investigation was undertaken in the Department of Metal- 
lurgy and Chemistry at the United States Naval Postgraduate School. 
The writer wishes to express his appreciation for the assistance 
given by his Faculty Advisor, Professor A. Goldberg, and the Head 
of the Department Doctor F. L. Coonan; and to Mr. William D. Pen- 
praze and Mr. D. Clark for their technical assistance and advice. 
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1. INTRODUCTION 



With the ever increasing movement to higher temperature- 
stress conditions for metals, a knowledge of the properties at 
the upper usable temperature limit is of the utmost importance. 
One of the important considerations in the use of materials is 
their strength to weight ratio, the aluminum alloys having a 
favorable position in this respect at lower temperatures. Un- 
fortunately, this ratio drops off rapidly with increasing temper- 
ature, soon falling below those obtained for heavier metals and 
alloys. It is generally considered that 600°F is approximately 
the upper working limit of some of the aluminum alloys [^2, 3j| 
before a serious reduction in strength is obtained, the alloy 
2024-T3 being considered the most promising. Of some Interest 
is the use of 2024-T3 in metal parts for aircraft, missiles, and 
machinery which are subjected to high temperatures for relatively 
short periods of time under conditions of stress where creep may 
take place. 

Information at the present time on the creep properties of 
aluminum alloy 2024 are unavailable, therefore this investigation 
undertook to determine the short time tensile-creep properties at 
the upper limit of 600*^F. The work of Dotson and Kattus (Jl J 
shows the effects of precipitation on increasing the strength of 
alloy 2024-T3 Alclad in the range from room temperature to 450°F, 
also the decrease in strength and increase in ductility in the 
600°F zone due to overaging. Although the naturally aged and 
worked condition (T3) of this alloy yields the highest strength 
and hardness properties at lower temperatures, the instability 
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of both the worked condition, and the effect of overaging at a 
temperature of 600°F. might result in lower creep properties 
than would be obtained for the alloy in a more stable condition. 

In the present investigation the alloy 202k was tested in 
three different conditions to determine the effect of heat treat- 
ment on the tensile-creep properties. The constant load creep 
tests in this report are of the short time type running from ap- 
proximately thirty seconds to twenty hours. 
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2. MATERIALS AND EXPERIMENTAL WORK 



Equipment 

The tensile-creep specimens were machined as shown in Fig- 
ure 1 by the Machine Shop at the United States Naval Postgraduate 
School from sheet aluminum alloy 2024-T3 received from the Alumi- 
num Company of America. 

The Creep Unit (test machine) used in this experiment was a 
conventional, single lever, ratio 10:1, constant load type, pro- 
viding uniaxial loading by the insertion of a universal joint in 
the loading system in line with the specimen. The test machine 
is shown in the photograph of Figure 2. 

The Extensometer Unit shown in Figure 3 was used to measure 
strain in the specimen along a 1-inch gage length. The dial gage 
mounted on the extensometer was capable of being read directly to 
0.001 inch, estimated to 0.0001 inch, and was capable of measuring 
a total extension of 1.0 inch. 

The tests were run at a temperature of 600°F. (315*5°C. ) and 
the temperature control was maintained in a salt bath (Holden 
Temper 2) to + 2°F. by a proportional power temperature controller 
(Minneapolis-Honeywell ) attached to a 500 watt calrod immersed in 
the bath. In tests of salt bath temperature there was never great 
er than a 2°F. difference from opposite sides of the bath. 

Temperature was measured at the specimen during a test by two 
28-gage chromel-alumel thermocouples buried in a dummy specimen 
mounted on the extensometer next to the true specimen under load, 
as shown in Figure 3* One thermocouple was connected to a Leeds- 
Northrup Temperature Recorder and the other to a Rubicon Portable 
Precision Potentiometer. 
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Gage Length - 1,0" 
Figure 1 



DIMENSIONS OF THE TENSILE CREEP SPECIMENS 
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Creep Testing Unit 
Figure 2 





Bxtensometer Unit 
figure 3 
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Procedure 



To form the basis of comparison, the tensile-creep were 
tested in three conditions of heat treatment listed below: 

(a) T3 - As received (Solution Heat Treated and Cold Worked) 

(b) 0 - Annealed at 800°F. in a salt bath for two hours and 

furnace cooled at a rate of 50°F. per hour to 44o°F. 

(c) W - Solution Heat Treated at 920°F. in a salt bath for 

twenty minutes then water quenched and kept under 
refrigeration at -40°F. until used. 

Specimens were all measured with a micrometer to O.OOOl inch, 
and load weights were measured on a fan type scale to the nearest 
0.01 pound. The specimen was attached to the extensometer as 
shown in Figure 3 and then immersed in the 6oo°F. salt bath. A 
minute later the load was applied gradually over a period of five 
seconds. This allowed more than ample time for the specimen and 
extensometer to reach test temperature (600°F.) as in prelimin- 
ary tests it was found that the dummy specimen would reach the re- 
quired temperature in less than 24 seconds. 

A great deal of trouble was first experienced using the cal- 
rod Immersed in the salt bath, as the salt would not absorb enough 
heat to melt. This was caused by the many pockets of air in the 
salt which acted as insulation, and in one case caused the calrod 
to burn out. This was overcome by heating the salt to higher and 
higher temperatures slowly over a period of days until the salt 
finally melted and the air was removed. The salt could then be 
heated up to temperature in a matter of hours. 

In addition to the comparison of the alloy in constant-load 
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creep tests, hardness was measured after heat treatment and af- 
ter extended periods in the salt bath of 600°F.; also the micro- 
structures of the specimens in the loaded and unloaded conditions, 
after the test was completed, were examined. 
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3. RESULTS 

The effects of time on the hardness of the alloy were ex- 
amined to determine the extent of hardness changes at and 

after solution heat treating, these results are tabulated in Tables 
III and IV. Table V shov;s the reduction in hardness in load sec- 
tion of the specimen after test in comparison to the higher hard- 
ness of the unload section. 

Creep stri^in versus time at different stresses of all three 
conditions of heat treatment are plotted; 

1. As received Condition (T3) — Figures 5(a) and 5(b). 

2. Annealed Condition (0) -- Figures 6(a) and 6(b), 

3. Solution heat treated Condition (W) — Figures 7(a) and 
7(b). 

These graphs show the varied extensions and creep information for 
the three conditions of the alloy, and range in loads from 30 ,*^C 0 
psi to 5,0^C psl and in time to fracture from 3*^ seconds to 20 
hours. In contrast to most conventional creep curves, the creep 
rate Increased throughout the tests until at the lowest creep 
stresses investigated it may be observed that the flattening of 
the curve suggests a conventional primary and secondary creep 
stage beginning. 

As is later discussed in the recommendations it is believed 
that the extensometer points may possibly affect the strength 
and creep rate of the specimen, therefore a list of the locations 
of fracture points are in Table II. 

The total elongation was found to be much greater in the W 
condition than in the T3, with the elongation of the 0 condition 
midway between the two. This Information is plotted to show the 
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fracture strain of the three conditions in the strain at frac- 
ture versus stress in Figure 8. 




4. DISCUSSION 

In the as received condition (T3) this alloy has been solu- 
tion heat treated and cold rolled; during the solution treatment 
the size and distribution of the precipitate is controlled to pro- 
duce an alloy which has high strength and hardness, but at the 
sacrifice of poor ductile properties. The graph of creep strain 
versus time reveals an increasing creep rate during the complete 
test for high stresses; the fact that at this temperature (600°F. ) 
the alloy softens under high stress by precipitation much more 
rapidly than it work hardens, is evident. It is probable that at 
lower stresses a more conventional creep curve will be obtained 
and a primary and secondary creep state will appear. This is be- 
coming apparent in the lowest stress of each condition. The T3 
condition specimens, after being load tested, under microscopic 
examination revealed a very fine precipitation and depleted grain 
boundaries . 

When the specimens were solution heat treated at a high tem- 
perature (920°F. ) and water quenched, the amount of precipitate 
increased and some of the resistance to deformation is removed as 
is observed in the creep rates of the graph in Figures 7(a) and 
7(b). The total elongation of these specimens ran to l8% which 
is a great deal larger than the T3 condition, but not as great as 
the annealed condition. 

After this aluminum alloy has been annealed the precipitate 
grows into larger coarse particles; thereby the resistance to de- 
formation is even further reduced and a steeper creep rate is ob- 
served. The total elongation runs to 55^ in this condition. Con- 
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sequently the final extensions are in the order of ten times as 
great for less than half the load in failure as in the T3 condi- 
tion. 



As the stress is reduced in the 600°F, test range there is 



a distinct possibility that the solution heat treated condition 
has better strength characteristics in addition to the greater 
ductility than the T3; this is implied in Figure 9, of the curves 
are extended into the region of lower stress. This would be a 
field of Interest for further study to continue the creep tests 
into the region of stress below 5,000 psi and determine the 
strength characteristics of the alloy under heat treatment. 

In the microscopic examination of the specimens, the anneal- 
ed condition fractures were mostly intergranular, and the T3 con- 
dition a mix^d Intergranular and ductile. This fact is also 
shown in the curves of Figure 8, in which the annealed curve of 
creep stress versus strain at failure has a very steep slope 
while the T3 condition curve is extremely small. 

Basically and very broadly this report show the effects of 
heat treatment on sheet aluminum alloy (2024-T3) under load at 
an extreme operating temperature. It has been suggested by a num- 



peratures and stress conditions may approach the range of this 
investigation. Consequently a great deal of consideration should 
be taken to the type of fabrication heat treatment performed on 
the alloy prior to it's manufacture. 



ber of reports 




to use this alloy in locations where tem- 
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5. RECOMMENDATIONS AND CONCLUSIONS 

Referring to Table II there is recognized a heavy strain 
area at the extensoraeter points and the effect of this weakened 
area may cause an error in the deformation rates and total elonga- 
tion of the specimens. With this in mind a number of tests v;ere 
re-run without the ertensometer points and total elongation was 
found to be equal, but it was not possible to tell if there was 
an effect on the strain rate, without doing many runs at each 
load and statistically determining if the results concurred with- 
out regard to facture point. This is recommended for further 
study in this field, but due to an extreme lack of time it was 
not possible for the writer to investigate the problem any fur- 
thur . 

A slight alteration of the existing specimens is suggested 
that may correct this fault; by machining the width (t), as 
shown in Figure 1, down a few thousands of an inch leaving four 
lips at the locations of the extensometer points. The points 
would actually not be in the interested part of the specimen. 

This is drawn in Figure V to show the locations and arrangements. 
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The conclusions that may be drawn from this investigation are: 






1. The aluminum alloy 2024, in all three conditions tested, 
has an increasing creep rate with creep strain under 
high stress at 600°F. and only at low stress is a more 
conventional creep curve evident. The alloy softens so 
rapidly at this temperature that there are no effects 

of work hardening apparent at high stresses. 

2. In short time creep tests at high stresses the alloy has 
superior creep strength and resistance to deformation in 
the T3 or solution heat treated and cold rolled condition; 
however at lower stresses the creep strength as well as 
other properties examined converge. 

3. The basis for the behavior and properties may be explain- 
ed by the relative Instability of the alloy at the test 
temperature . 
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TABLE I 



PROPERTIES AND COMPOSITION OF ALUMINUM ALLOY (2024-T3) 



Trade Name; 2024 T-3 

Density: 0.100 lb per cu. in. (at 20 C.) 

Composition: Al-4.5Cu-l.5Mg-0.6Mn 

Tensile Properties: 

7QQF. 6Q0°F. 

UTS YS UTS YS 

68,000 psi 46,000 psi 15,000 psi 12,000 psl 



Melting Range; 935-ll80®F. 

Mean Coefficient of Thermal Expansion: 70-60Q°F. 

(in/in/degree F.) O.OOOOI 38 



Youngs Modulus of Elasticity: 70°F. 

10500000 



600°F . 

93OOOOO 



TABLE II 

SUMMARY OF FRACTURE LOCATIONS 



Location Number 

In Gage Length 3 

At Gage Point 9 

Outside Gage Length 2 
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TABLE III 



EFFECT OF 600°F. ON ALLOY (2024-T3) HARDNESS 



TIME AT 6oo°F. 


ROCKWELL HARDNESS "B" 
IMMEDIATELY ONE-HALF HOUR LATER 


^ minute 


67.9 


67.6 


1 


67*9 


68.6 


2 


67*4 


69.0 


4 


63*2 


64.0 


8 


59*6 


59.8 




55*3 


55.5 


30 


45*1 


46.5 


1 hour 


44.0 


45.3 




44.0 


42.8 


2 


36.4 


36.2 


4 


26.9 


28.7 


8 


26.9 


27.8 


15 


23.6 


22.8 


17 


21.9 


21.2 


20 


21.7 


20.5 


24 


17.1 


15.9 


25 


18.3 


l4.5 



♦ORIGINAL HARDNESS IN AS 
RECEIVED CONDITION - 73*0 
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TABLE IV 



EFFECT OF SOLUTION HEAT TREATMENT ON ALLOY (2024-T3 ) 
(920°F. for 15 minutes, Water Quenched) 



TIME OF HARDNESS TEST 


ROCKWELL HARDNESS 


Immediately 


42.6 


1 minute 


43.2 


1+ 


44.0 


8 


^5.5 


15 


46.3 


30 


45.4 


1 hour 


45.8 


2 


55.5 


4 


63.7 


8 


69.1 


• 1 day 


72.1 


3 


72.5 


6 


73.0 


16 


72.7 



ORIGINAL HARDNESS IN kS 
RECEIVED CONDITION - 73-0 
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TABLE V 



HARDNESS OF LOADED SECTION AND UNLOADED SECTION OF SPECIMEN 

AFTER TEST 



Rockwell B Hard- Rockwell B Hard- Approximate 

ness of Loaded ness of Unloaded Time of 

Load Midsection Shoulder Test 







T3 Condition 




30,000psi 


65*0 


60.0 


30 seconds 


15,000 


50.3 


32.0 


25 minutes 


7,500 


13.5 


1.5 


20 hours 




Solution 


Heat Treated Condition 




17,500 


48.6 


26.5 


4 minutes 


10, non 


32.0 


4.0 


4 hours 


7,5on 


25.0 


2.0 


12 hours 






Annealed 




12,500 


-16.0* 


-22.0* 


7 seconds 


10,000 


- 6.0* 


-14.0* 


2 minutes 


5,ooo 


- 9.0* • 


-16.0* 


8 hours 



♦Negative hardness reading used only as a 
comparison in this experiment 
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Figure 5(b) 
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Figure 6(a) 
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Figure 7(b) 
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Figure 8 
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